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ABSTRACT 14 
Technology advancements for mixed culture polyhydroxyalkanoate production have been 15 
made in recent years at pilot scale, and efforts continue towards implementation of the first 16 
commercial scale production facilities. The purpose of the present work was to develop 17 
thermogravimetric analysis (TGA) methods for routine monitoring of polymer quantity and 18 
quality in PHA-rich activated sludge biomass, and for the recovered polymers. TGA 19 
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quantification of the biomass PHA content correlated directly with the maximum extractable 1 
polymer (± 2 % gPHA/gTS).  Acid pre-treatment of the biomass, prior to sample drying, 2 
significantly increased the polymer thermal stability in the biomass.  This increase helps to 3 
improve the resolution of the PHA fraction of the biomass by TGA.  From the TGA results, 4 
an extension to common solids analysis from Standard Methods, by including an intermediate 5 
volatile solids (IVS) assessment, was developed to quantify biomass PHA content. The IVS 6 
method entails sample volatilization and weight loss evaluation at a selected temperature 7 
between 200 and 300°C.  This intermediate temperature is in between the Standard Method 8 
sample drying (103°C), and ashing (550°C) oven incubations, for relative weight loss 9 
measurements that are made routinely for solids analysis. Thermogravimetric analyses were 10 
applied in isothermal polymer recovery experiments using either acetone or 2-butanol as 11 
extraction solvents. Trends in extractability as a function of extraction temperature and time 12 
correlated directly to the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) co-polymer 13 
composition in the biomass, over a 3-hydroxyvalerate in PHBV content ranging from 0 to 40 14 
average weight percent, and a polymer weight average molecular mass between 200 and 600 15 
kDa.  Polymer type can be used to anticipate the extraction behavior, or conversely, as shown 16 
in the present work, isothermal polymer extraction trends can be used to infer the type of 17 
polymer present in the biomass. 18 
INTRODUCTION 19 
The present investigation concerns the evaluation of polyhydroxyalkanoate quantity and 20 
quality in mixed culture bacterial biomass through application of thermogravimetric analyses.  21 
Polyhydroxyalkanoates (PHAs) are a family polyesters that are naturally accumulated as 22 
intracellular granules by many species of bacteria in nature [1].  The recovered and purified 23 
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polymers are biodegradable thermoplastics with many mechanical properties that are 1 
comparable to conventional fossil fuel derived polymers [2]. Mixed culture PHA production 2 
is accomplished with more or less diverse microbial communities of bacterial biomass that 3 
are enriched with populations of species of the heterotrophic PHA storing phenotype [6].   4 
Overall, the mixed culture production of PHA has been shown to be a technically viable 5 
approach, up to pilot scale, for delivering services of water quality management in addition to 6 
being a means to convert residual organic matter into a renewable biopolymer resource [7-9].  7 
However, a challenge for mixed culture processes, containing as they do potentially diverse 8 
and shifting microbial populations, is polymer quality control.  Quality control starts already 9 
with an assessment of the PHA in the biomass in relation to the quality of polymer one can 10 
potentially recover as a value-added product from that biomass. Developments with respect 11 
to recovery of PHA from mixed cultures have been reviewed but have been lacking in the 12 
research literature, at least in part due to limitations in material availability [10].   13 
The PHA family is large.  However, mixed culture biomass fed with simple substrates 14 
generally produces random co-polymer blends of poly(3-hydroxybutyrate-co-3-15 
hydroxyvalerate) or PHBV.  For a given feedstock, the organic matter composition is known 16 
to influence the co-polymer blend composition [11].  This composition is often quantified by 17 
the relative mole or weight percent of 3-hydroxyvalerate (3HV) or 3-hydroxybutyrate (3HB) 18 
in the PHBV.   19 
Methods for extracting and purifying the PHBV from PHA rich biomass may depend on the 20 
biomass composition and matrix, the type of PHBV, the recoverable amount of PHBV, the 21 
molecular weight of the PHBV in the biomass, the co-polymer blend composition, and the 22 
polymer thermal stability. One challenge in the development of PHBV recovery methods is to 23 
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characterize the extant properties of the polymer in the biomass prior to extraction and to 1 
relate those properties and methods to those of the final isolated polymer.  The recovery 2 
methods will modulate the polymer characteristics, and so the final quality is as important as 3 
understanding the influence of the methods on the initial and final properties in relation to the 4 
quality requirements for formulations towards a particular commercial engineering 5 
application.  6 
PHBV quality in the biomass is most typically assessed with respect to the polymer content 7 
and the mean co-polymer type. Such measurements can be achieved by a biomass sample 8 
digestion, through hot acid hydrolysis in the presence of an alcohol, with the products then 9 
being extracted for subsequent 3HB and 3HV ester quantification by gas chromatography 10 
(GC-MS) [12, 13]. However, we have found in the past that the quantification of monomer 11 
content from digested PHA in the biomass does not provide enough information about the 12 
quality of polymer in the biomass for the purposes of developing processes for PHA recovery 13 
[14].  Likewise, the efficiency of techniques such as solvent extraction followed by, for 14 
example, NMR analysis needs a robust measure of pre-extraction material properties to 15 
assess the effect of this extraction on the polymer. Therefore, we strove to establish methods 16 
that would reveal more about the polymer quality, as polymer, in the biomass. To this end, 17 
we worked with thermal gravimetric analysis (TGA) in combination with Fourier transform 18 
infrared (FTIR) spectroscopy of biomass, and standardized test tube scale solvent recovery 19 
methods, in interest to routinely benchmark in biomass polymer quality.  Pure polymers, 20 
recovered by standardized extraction methods, were then characterized based on melt 21 
rheology, differential scanning calorimetry (DSC), size exclusion chromatography (SEC), 22 
and, also, TGA and FTIR. 23 
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Methods for quantifying PHA content using FTIR have been established in the literature for 1 
mixed culture PHA-rich biomass [15], but methods for TGA evaluations have not.  FTIR and 2 
TGA are complementary chemometric approaches.  Relative changes in the amount of 3 
polymer within a given mixed culture can be followed qualitatively by FTIR.  The relative 4 
absorbances of polymer and biomass related peaks correlate directly to relative changes in 5 
biomass polymer content.  However, we found that a general FTIR calibration may be 6 
challenged if the relative proportion of the biomass constituents (proteins (≈50 wt%), genetic 7 
material (DNA, RNA, ≈23 wt%), lipids (≈7 wt%) and polysaccharides (≈7 wt%)) are 8 
different for mixed cultures from different sources or shifting within the same source over 9 
time.  Chemometric methods are very rapid and they can be correlated to an influence of the 10 
chemical environment on the polymer chemical or thermal stability [16], but the methods by 11 
themselves are context specific and they do not measure for such changes without benefit of 12 
some form of robust multivariate statistical model. In contrast, the selective thermal 13 
decomposition of polymer in biomass as a function of temperature should provide direct 14 
information about both the polymer content and thermal stability of that polymer in the 15 
biomass. 16 
The PHA content and quality of pure culture bacterial biomass have been shown to be 17 
discriminated by TGA [17]. Hahn and Chang [18] quantified the PHA content of lyophilized 18 
A. eutrophus cells by TGA using a constant 10°C/min ramp under nitrogen atmosphere.  The 19 
TGA based PHA measurements correlated well with, but also systematically overestimated, 20 
parallel measurements made by sample digestion and gas chromatography. Talon and 21 
Berezina [19] modified these TGA methods for freshly harvested and centrifuged dewatered 22 
pure culture pellets by adding isothermal steps at 110°C and 210°C, to allow time for weight 23 
loss from the cells due to drying, and then selective PHA weight loss, respectively. These 24 
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TGA methods were made with a specific type of pure culture biomass and its associated PHA.  1 
Notwithstanding, they also systematically overestimated the PHA content when compared to 2 
the chloroform extractable mass of polymer [19].  3 
We have been working with air dried PHA-rich mixed culture biomass and found the 4 
published methods were not developed, nor validated, to our needs for routine and direct 5 
quantitative evaluation of recoverable PHA polymer in biomass.  In addition, factors 6 
influencing PHA quality and quantification in biomass have not been described in the 7 
research literature in general, and specifically for mixed cultures. The idea, that there may be 8 
a negative influence of the biomass in relation to the polymer thermal and chemical stabilities, 9 
has been noted already some time ago [17], but the practical engineering advancement in 10 
application of these observations in the research literature, and for mixed cultures, is 11 
currently lacking.   12 
In the present study, methods for the assessment of PHA in biomass quantity and quality for 13 
mixed cultures based on thermogravimetric measurements and extraction experiments are 14 
presented. The protocol developments and experience have been made with, and specifically 15 
for, mixed cultures using PHA-rich biomass samples produced and obtained from various 16 
sources at laboratory and pilot scales of operations.  A range of PHBV co-polymer blends 17 
were accumulated in activated sludge biomass using volatile fatty acid (VFA) rich feedstocks, 18 
and the biomass was dewatered and oven dried. The objectives of the present investigation 19 
were to validate the protocols for quality control of the dried mixed culture biomass while 20 
also establishing routine quantitative methods to monitor batch-to-batch variations in PHA-21 
rich biomass material quality and amount of extractable polymer.  The goal was to make such 22 
evaluations based solely on thermogravimetric analysis. Applications of these methods for 23 
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delivering insight into PHA-in-biomass quality and the expectations with respect to optimum 1 
polymer recovery conditions are presented and discussed. 2 
MATERIALS AND METHODS 3 
PHA-rich biomass samples 4 
PHA-rich biomass samples came from multiple sources over the course of a series of separate 5 
studies. Surplus activated sludge biomass that was harvested from respective laboratory, pilot, 6 
or full scale biological wastewater treatment processes was accumulated with PHA using 7 
either laboratory or pilot scale aerobic fed-batch reactors and processes that have been 8 
previously described [7, 8, 20, 21].  Methods of PHA accumulation were similarly applied in 9 
all cases.  A volatile fatty acid rich feedstock was input to the activated sludge in an 10 
accumulation bioprocess by applying a feed-on-demand feedback control strategy [22].  The 11 
average feedstock influent flow rate was governed by the interpreted on-line measurements of 12 
biomass respiration response.  The respiration response was derived from dissolved oxygen 13 
measurements and the feeding rate control was programmed to maintain a significant feast 14 
respiration rate over the course of the accumulation process without overfeeding.  The 15 
feedstocks were either defined mixtures of volatile fatty acids or else they were obtained from 16 
anaerobic fermentation of industry or municipal process waters, wastewaters, or organic rich 17 
sludge sources.  The accumulation processes were not generally run for more than 24 hours, 18 
and the product grab samples of PHA-rich biomass from different accumulation batches were 19 
analysed and compared.  Alternatively, biomass grab samples, that were selectively taken 20 
over the time course of an accumulation process, were similarly evaluated. Biomass mixed 21 
liquor grab samples were typically dewatered by centrifugation (3500xg for 10 minutes), and 22 
remaining moisture was driven off by oven drying in air at 70°C for 24 hours. Unless noted 23 
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otherwise in the results, the mixed liquor was acidified to pH 2, prior to centrifugation and 1 
drying, by titration with H2SO4 [23]. Biomass PHA content was estimated as a weight 2 
fraction either with respect to the total (dry) solids (TS) as gPHA/gTS or to the total (dry) 3 
volatile solids (VS) as gPHA/gVS. 4 
Polymer Isothermal Recovery 5 
Selected amounts of TGA and/or FTIR characterized biomass, of defined particle size range, 6 
as noted below and in the results, were placed in tared test tubes (KIMAX 12 mL) along with 7 
solvent (acetone or 2-butanol) and the contents sealed with Teflon lined screw caps. Solvent 8 
and biomass amounts targeted selected solvent polymer loadings.  It should be noted that for 9 
this test, biomass weights were taken after drying at 105°C for 30 minutes, because the 10 
biomass is hygroscopic and may adsorb between 2 and 5 percent moisture on storage.  The 11 
test tubes were incubated isothermally in the solvent at selected temperatures for a specified 12 
time with intermittent vortex mixing spread over the extraction time.  The theoretical 13 
maximum PHA concentration after extraction (based on measured PHA content, and solvent 14 
volume) was always less than 20 mg/mL and, in routine experiments, nominally about 10 15 
mg/mL.  The test tubes were then left to stand while cooling to below the solvent boiling 16 
point before the Teflon cap was removed and most of the solvent (excluding residual 17 
biomass) was carefully decanted from the settled solids into a tared Petri dish. The solvent 18 
from the extract was evaporated, before drying at 70°C, and the mass of extracted dried solids 19 
was weighed before subsequent analyses. The residual solids with remaining solvent in the 20 
test tube were weighed before a similar procedure of solvent evaporation, drying, and mass 21 
determination of the dried test tube residuals.  The recovered and dried extracted polymer 22 
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was further assessed by TGA for purity.  An extraction mass balance was made based on all 1 
the measured weights. 2 
The trend of fraction recovered polymer, as a function of isothermal temperature, for a fixed 3 
extraction incubation time, was modelled empirically to a sigmoid function: 4 
 Eqn 1 5 
where: ft is the fraction of extractable polymer after an isothermal incubation over a fixed 6 
time time t as a function of temperature T, kr is the extraction rate temperature coefficient, 7 
and T50 is the estimated incubation temperature for ft equal to 0.50.   The extractable amount 8 
of PHA was the amount that generated the unit sigmoid based on least squares regression 9 
analysis of the trend.  Assuming first order extraction kinetics, the temperature dependent 10 
first order extraction rate (ke) can be estimated from ft as follows: 11 
 Eqn 2 12 
Benchmark Polymer Extraction 13 
A standard benchmark extraction method was applied for general evaluation and comparison 14 
of polymer quality.  The benchmark extractions were made similarly to the Polymer 15 
Isothermal Recovery methods using acetone. Biomass (200 mg), with a grain size of <0.71 16 
mm was weighed into a test tube (KIMAX 12 mL) and 10 mL of acetone was added. As 17 
many test tubes were used as necessary, for any given biomass batch, to reach approximately 18 
0.8 g of polymer product. The test tubes (with caps) were incubated at 125°C for 1 h. The test 19 
tubes were vortex mixed every 5 minutes for the first 15 minutes and then every 15 minutes. 20 
f extracted PHA
extractablePHA k T T
1
1 expt
r 50( )( )= = + − −
( )= − −k
t
f1 ln 1e t
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The tubes were cooled for 4 minutes including 1 minute of centrifugation (3500xg).  1 
Subsequently, the caps were carefully removed and the solvent was carefully decanted into a 2 
beaker where the polymer was precipitated by adding at least 5 times the solvent volume with 3 
deionized water while stirring with a magnetic stirrer. The supernatant was filtered under 4 
vacuum and the polymer solids were dried overnight at 70 °C.  The dried polymer quality was 5 
analyzed using selected methods including rheology, SEC, DSC, FTIR and TGA. 6 
Thermogravimetric analysis (TGA) 7 
Two different TGA methods were applied (TGA Method A and B).  Method A was for 8 
routine TGA (Q2000 TA Instrument), and this was performed using ground dried biomass 9 
sub-samples (grain size < 0.71 mm), recovered polymer, or process residuals (3 – 8 mg).   10 
The heating rate, initially under nitrogen atmosphere from room temperature, was 10°C/min 11 
to 550°C, with a 10-minute isothermal hold at 103°C. The hold was used to eliminate and 12 
quantify residual water content. After 2 minutes at 550°C, the inert atmosphere was switched 13 
to air and the temperature was maintained at 550°C for 30 minutes before cooling.  The 14 
inorganic (ash) content of the biomass was estimated from the weight loss trend and 15 
remaining material after burning at 550°C.  The sample fractional dry weight as a function of 16 
TGA temperature, during the constant 10°C/min ramp from 103 to 550°C, was estimated 17 
with respect to initial mass less moisture content. A rapid weight loss peak corresponding to 18 
polymer in biomass was identified from the normalized dW/dT distribution, where W is the 19 
fractional sample dry weight remaining. The polymer mass was estimated from the total peak 20 
area minus the non-polymer biomass background.  The background non-polymer biomass 21 
material (NPBM) weight under the PHA-peak was estimated from the area under a third 22 
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order polynomial constrained to be tangent to the interpreted PHA dW/dT tailed peak 1 
shoulders. 2 
TGA Method B involved isothermal incubations.  Samples were heated as before at 3 
10°C/min but now to a selected isothermal hold temperature above 103°C, after the same 4 
intervening moisture elimination isothermal hold as described above for Method A.  Weight 5 
loss was followed under the elevated temperature with isothermal conditions.  The isothermal 6 
weight loss kinetics were estimated by least-squares regression analysis of the trend of the 7 
fractional dry weight loss versus time modelled to a function of exponential first order decay.   8 
Intermediate Volatile Solids (IVS)  9 
The IVS method was based on the experience of the TGA analyses and was developed as an 10 
extension to Standard Methods for solids analysis [24].  Total and volatile solids (TS and VS) 11 
are determined in Standard Methods by bringing a sample to constant weight after drying 12 
incubation at 103 to 105°C, and then ashing at 550°C.  IVS were interpreted as a component 13 
of VS and were determined by, introducing to the Standard Methods, an intermediary 14 
incubation for a fixed time (2 hours) at 243°C (after first drying at 103°C) to nominally 15 
constant weight.  The 550°C ash content determination followed the 243°C incubation such 16 
that weight loss of the initial mass was determined after 103, 243 and 550 °C oven treatments.  17 
Note that the fixed time of 2 hours was more than conservative for the polymer volatile 18 
decomposition at 243°C. Other combinations of isothermal incubation temperature and time 19 
could also be used to give similarly meaningful quantitative results.  From the respective 20 
sample net biomass weights for drying (W105), polymer (W243), and ashing (W550), weight 21 
fractions wi and wv were determined:   22 
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        Eqn 3 1 
From mass balance considerations, the polymer fraction of the biomass (wp) could be 2 
estimated from: 3 
 Eqn 4 4 
where Ki is defined as: 5 
 Eqn 5 6 
and wi0 could be estimated from Eqn 3 for the same biomass without any polymer or by 7 
linear regression to a time series of samples from an accumulation with increasing PHA 8 
content. 9 
Fourier Transform Infrared Spectroscopy (FTIR) 10 
Infrared spectra were run in triplicate from well-mixed dried and ground biomass grab 11 
samples, and the recovered polymer or residuals. Spectra were acquired using attenuated total 12 
reflection (Bruker Alpha ATR-FTIR with diamond crystal) and were processed using OPUS 13 
version 6.5.  The scanning conditions were spectral range of between 4000 cm−1 and 400 14 
cm−1, 24 scans, at a resolution of 4 cm−1.  The raw signal was pre-processed by baseline 15 
correction and then vector normalized.  For the purposes of the present work, FTIR was used 16 
for validation of polymer identification and cross-calibration of PHA in biomass with respect 17 
to IVS methods.  The characteristic FTIR peaks for PHA in mixed culture biomass have been 18 
previously described [15]. 19 
=
−
−
w
W W
W Wi
105 243
105 550
=
−
w
W W
Wv
105 550
105
( )= + −w w K K1p i i i
=
−
K w
w1i
i
i
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Assuming relatively constant NPBM protein content, a cross-calibration between IVS and 1 
FTIR could be performed for a given PHA accumulation time series based on the estimated 2 
area of the C=O absorbance peak (≈1735 cm-1) or AC=O, with respect to the area of the AC=O 3 
peak plus the areas under the amide bands I (AI ≈ 1650) and II (AII ≈ 1540 cm-1): 4 
 Eqn 6 5 
 6 
Differential Scanning Calorimetry (DSC) 7 
Benchmark extracted polymers (see above) were evaluated using DSC (TA Instruments DSC 8 
Q2000 under nitrogen purge). Two different DSC methods (DSC Methods A and B) were 9 
applied on replicate grab samples.  DSC Method A was used to determine the melting range 10 
based on a standard aging time for maximized crystalline content. A sequence of three 11 
thermal ramps were made over 2 weeks. In ramps 1 to 3, the sample was (1) heated at 12 
10°C/min to 185°C and (2) quenched at -10°C/min to -70°C and (3) warmed to 25°C. This 13 
pre-treatment was made to align the thermal history for all samples. Samples were then aged 14 
for 2 weeks to crystallize at room temperature. Ramp 3 was then continued with the aged 15 
samples being heated from 25°C at 10°C/min to 200°C.  The aging provided a conservative 16 
time for secondary crystallization.  The polymer melt characteristics were based on the 17 
continued Ramp 3 data. 18 
The material glass transition temperature behaviour was based conversely on a maximized 19 
non-crystalline content (DSC Method B). A replicate polymer sample was processed with 20 
five thermal ramps: In ramps 1 to 2, the sample was (1) heated at 10°C/min to 185°C and (2) 21 
=
+ +
=
=
A A
A A APHA
C O
C O I II
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quenched at -10°C/min to -70°C to erase previous thermal history as before. The quenched 1 
sample was (3) heated again at 10°C/min to 185°C, quenched (4) at -50°C/min to -70°C, and 2 
heated (5) up to 200°C at 10°C/min. The more rapid quench rate, minimized the time 3 
available for crystallization on cooling, and increased the proportion of the amorphous 4 
fraction present and thus made the glass transition more evident. 5 
Size Exclusion Chromatography (SEC)  6 
Benchmark extracted polymers were dissolved in chloroform to a concentration of 3 mg/mL. 7 
SEC was performed on a Malvern Viscotek GPC Max with a Viscotek VE3580 RI detector. 8 
Replicate 100 µL sample injections were made using a split after the injection. Chloroform 9 
was the elution solvent at a flow rate of 1 mL/min. The columns that were used were Malvern 10 
C5000, C4000 and C2500, which had a packing of porous styrene di-vinylbenzene copolymer. 11 
The column and detector temperature was 35°C. Number and weight average molecular mass 12 
values were evaluated using the OmniSEC5.12 software from Malvern. The calibration was 13 
made with respect to 12 PolycalTM Standards of polystyrene, PS4500kDa to PS1200 Da 14 
supplied from Malvern.  Weight and number average molecular masses were derived from 15 
the column elution signal: 16 
 Eqn 7 17 
 Eqn 8 18 
∑
∑
=M
N M
N Mw
i i
i i
2
∑
∑
=M
N M
Nn
i i
i
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From Mw and Mn a polydispersity index was estimated (Mw/Mn).   The number of scissions 1 
(Ns) and an average polymer scission rate (rs) following some form of treatment was 2 
estimated from initial Mw values for the same polymer as follows: 3 
 Eqn 9 4 
Assuming random polymer scission, when Ns is equal to 1 the weight average molecular 5 
mass is half the original. 6 
Melt Rheology  7 
The melt rheology of extracted polymer was analysed on a DHR-2 from TA Instruments. A 8 
time sweep with constant strain (2%), constant frequency (10 Hz), and isothermal 9 
temperature of 180°C was run. From the dynamic viscosity results the Mw (weight average 10 
molecular weight) value was estimated based on an established calibration by least-squares 11 
linear regression to the estimated weight average molecular mass measured by SEC [25]: 12 
 Eqn 10  13 
where m and b are empirical constants and |η*|t≈0 was the estimated initial melt dynamic 14 
viscosity (Pa⋅s).  For the present work, m and b were found with standard errors in linear least 15 
squares regression analysis to be 0.385 ± 0.022 (kDa/Pa⋅s) and 234.5 ± 24.1 kDa, respectively. 16 
Polymer Average Copolymer Composition by GC-FID and DSC 17 
Weighed amounts of biomass (30-50 mg) or extracted polymer (2-10 mg) were hydrolysed 18 
with 1.5 mL of normal butanol and 0.5 mL concentrated HCl (Merck Proanalysi, 37%) for 8 19 
( ) ( )( )
( )
=
=
− =N t
M t
M t
r
N t
t
0
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w
w
S
S
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≈
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hours at 100°C. Digested samples were extracted with hexane by adding 2.5 mL hexane and 1 
4 mL deionized water. The butyl esters of the hydroyxalkanoate monomers were quantified 2 
using GC-FID (Varian 3800 Series GC) as previously described [13].   Based on data from a 3 
series of recovered mixed culture PHBV with average weight based 3HV contents ranging 4 
from 0 to about 65 percent, the average polymer melt temperature  for a two-week aged 5 
sample (DSC Method A) correlated to GC determined 3HV content according to an equation 6 
of form: 7 
  Eqn 11 8 
where To, ∆T, and k are constants of the least squares regression.  	 was the estimated 9 
average co-polymer 3HV weight percent by GC-FID.  In the present study, the regression 10 
constants for To, ∆T, and k with respective standard errors were determined to be  171.7 ± 11 
2.0 °C, 108.3 ± 3.6 °C, and 0.0443 ± 0.0038. 12 
RESULTS AND DISCUSSION 13 
Short chain length (scl) PHAs are reported to be hard to extract with solvents [26].  Typically, 14 
chlorinated solvents have been used as part of both laboratory as well as suggested 15 
commercial processes and methods [26].  Nevertheless, a class of so-called PHA-poor 16 
solvents have been considered for a long time [27].  Such solvents, including acetone, butanol, 17 
dimethyl carbonate, and many others, will extract scl-PHA from biomass at elevated 18 
temperatures even if this outcome may not be expected based on theoretical solubility factors 19 
alone.  Figure 1 shows results from replicate experiments to assess the effect of loading on 20 
extractable material from dried mixed culture biomass using acetone at 125°C and over two 21 
hours of incubation.  These experiments include variations in solvent polymer loadings that 22 
( )= + ∆ ⋅ − ⋅T T T k fexpm HV0 3
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were achieved by changing solvent volume (2 to 10 mL), and by using different biomass 1 
mass additions (50 to 250 mg).  For the present work, solvent loading refers to the estimated 2 
maximum concentration of polymer that would result in the solvent if all the polymer content 3 
were to be extracted from the added weight of biomass to a given volume of fresh solvent.  4 
The extractable mass (50.6 ± 0.6 % g/g), confirmed as recovered PHA by FTIR, was 5 
reproducibly determined over a wide range of polymer-solvent loading conditions ranging 6 
from 2 to 20 mg PHA/mL.  Therefore, we established that the measurement accuracy for 7 
extractable polymer mass was insensitive to solvent loading, at least within this polymer 8 
loading range with selected extraction solvent, time, and temperature.  With higher polymer 9 
loadings, the solution becomes increasingly more viscous and high viscosity can create other 10 
practical challenges with these test tube methods. In subsequent analyses, we targeted a 11 
conservative polymer solvent loading of 10 mg/mL. 12 
 13 
Figure 1. Extractable mass (50.6 ± 0.6 % g/g), confirmed as recovered PHA by FTIR using 14 
acetone (2 hours 125°C), and a wide range of polymer-solvent loading conditions ranging 15 
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from 2 to 20 mg PHA/mL by varying amount of biomass (50 to 250 mg) and solvent volume 1 
(2 to 10 mL). 2 
 3 
PHAs will undergo rapid thermal decomposition to volatile products [16] at temperatures 4 
above about 180°C.  The polymer melting temperature (Tm) for pure PHB is also similarly 5 
high, which makes processing PHB, without undue extent in degradation, a challenge if an 6 
inverse thermal gradient is not used during melt processing.  The polymer content of the 7 
biomass may be estimated by selective incubation of the biomass such that the polymer in the 8 
biomass is volatilized.  Under isothermal incubations (TGA Method B), a rapid exponential 9 
volatile loss of sample weight occurs for PHA-rich biomass with temperatures greater than 10 
about 170°C.  At 170°C, we observed that the amount of PHA in the biomass can remain 11 
stable for hours but a weight average molecular mass degradation with a scission rate of 0.01 12 
min-1 ensued.  In contrast, the time constants for volatile weight loss of PHA in mixed culture 13 
biomass (based on an exponential decay curve fit by least squares regression analysis) were 14 
observed from TGA Method B measurements to increase from about 1/20 min-1 at 225°C, to 15 
a maximum of about 1/6 min-1 at 240°C and above. The polymer content of the biomass can 16 
be estimated from this isothermal volatile weight loss if the background concurrent weight 17 
loss of the non-polymer biomass material (NPBM) can also be determined (Ki in Eqn 5).  It 18 
should be possible to estimate the isothermal weight loss of NPBM for a biomass prior to any 19 
PHA accumulation so long as the chemical character of the biomass does not change 20 
significantly other than due to an increase in PHA content. 21 
This principle of NPBM background determination for a given batch of activated sludge 22 
biomass before and during PHA production was evaluated in replicate accumulation 23 
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experiments. Figure 2 shows, by example, typical data from one such evaluation. Nominally, 1 
50 and 300 mg of biomass were used for the extractable mass and IVS measurements, 2 
respectively. The relative amount of extractable material (mg Extracted per mg VS) 3 
correlated directly to the biomass intermediate volatile solids (IVS) for the same biomass 4 
over the course of 8 hours of accumulation and after acid treatment (AT) of the biomass prior 5 
to dewatering and drying. Thus, the data could be fit to the model of Eqn. 4.  From these data, 6 
a Ki value (Eqn 5) was estimated to be 0.38 (in this case) from which it was determined that 7 
the PHA content after 8-hours accumulation and acid treatment (AT in Figure 2) was about 8 
0.54 gPHA/gVS.  This estimation for PHA content was consistent with the amount of 9 
extractable mass.  However, it should be noted that Ki is not a constant attribute of PHA-rich 10 
biomass and may be expected to vary from batch to batch.  11 
 12 
Figure 2. Trend over a mixed culture PHA accumulation (noted for samples from 0 to 8 hours, 13 
and after acid treatment (AT) to pH 2) for IVS compared to extractable material with acetone 14 
at 125°C for 2 hours.  15 
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 1 
Figure 3. Trend over a mixed culture PHA accumulation (noted for samples taken from 0 to 8 2 
hours) with IVS measurements compared to the respective biomass FTIR evaluations.  Inset 3 
graphs show the dried biomass FTIR spectra at 0 and 8 hours. 4 
Similarly, good correlations were also found for FTIR with respect to IVS and/or extractable 5 
material (Figure 3).   The combined quantitative but still relative measurement scales could 6 
be calibrated from the estimated intercept of wi for APHA equal to zero.  From these data, a Ki 7 
value (Eqn 5) was estimated to be 0.44 from which it was determined that the PHA content 8 
after 8-hours accumulation was also about 0.54 gPHA/gVS in this example. 9 
The extractable PHA can be used to explicitly calibrate a set of IVS or FTIR measurements 10 
for given accumulation and/or biomass batch.  IVS and FTIR trends can cross-calibrate one 11 
and another.  Calibration factors may shift from batch to batch due to, for example, 12 
differences in biomass protein content. One can also calibrate for a relative change in PHA 13 
content.  The IVS and FTIR of the biomass before an accumulation can be used as the control 14 
from which to estimate the amount of polymer stored during a PHA accumulation process.  15 
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The benefit of IVS is that larger amounts of sample can be used for representative grab 1 
samples.  The IVS methods are of general practical interest because they can be readily 2 
applied in the field and only require the common equipment typically found often in 3 
association with biological wastewater treatment processes where solids analyses are 4 
frequently and routinely performed. 5 
TGA measurements are analogous to IVS measurements, with the added advantage that the 6 
weight loss trends in time are monitored, in addition to initial and final values, during the 7 
sample thermal decomposition treatment. TGA also permits for much smaller sample mass (5 8 
mg) with the caveat that this mass should be a representative sample.  Therefore, a well-9 
blended grab sample from a larger mass of ground material was typically used.  Figure 4 10 
illustrates, using the biomass samples shown in Figure 2, the thermal decomposition trends of 11 
the dry fraction W for the dewatered and dried biomass initially before the accumulation, 12 
after 8 hours of PHA accumulation, and after 8 hours of accumulation with mixed liquor 13 
acidification to pH 2 prior to dewatering. Dewatering was by centrifugation (3500xg 10 14 
minutes), and sample drying was at 70°C.   15 
 16 
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Figure 4.  With reference to data points 0 (biomass before accumulation), 8 (PHA-rich 1 
biomass) and AT (acidified PHA-rich biomass) in Figure 2, relative dry sample weight loss 2 
(W) and weight loss rate (dW/dt) as a function of temperature with 10°C/min heating rate. 3 
 4 
The rapid nature of PHA thermal decomposition generates a well-defined peak in dW/dT [28]. 5 
Figure 4 also compares the dW/dT distribution for biomass before an accumulation with 6 
respect to the 8-hour accumulated biomass with, and without, the acid pre-treatment. The 7 
thermal stability of PHA in the biomass is modulated significantly by the mixed liquor 8 
acidification prior to dewatering and drying [16, 23]. Most notably, acidification prior to 9 
dewatering reduces the inorganic fraction of the biomass.  In the example of Figure 4, the 10 
inorganic content was reduced from 12 to 4 weight percent.  The reduction of inorganic ions 11 
and especially cations has been coupled to the improvement of PHA thermal stability both in 12 
the biomass and for relatively more purified polymer [23, 29].  Biomass acidification is also 13 
expected to result in some loss of non-polymer biomass organic material.  14 
In following the literature, our initial goal with the routine TGA measurements (TGA Method 15 
A) was to provide for a more rapid and direct quantification of the biomass extractable 16 
polymer content.  What we found was that the methods also were indicative of an important 17 
polymer physico-chemical property, namely thermal stability.  A higher thermal stability of 18 
PHA-in-biomass was found to enable the recovery of PHA with less undue loss of molecular 19 
mass during the recovery process [23].  It also resulted in a recovered polymer with high 20 
thermal stability.  From the point of view of the polymer-in-biomass quantification, the 21 
acidification resulted in a consistently narrow dW/dT peak with a reproducible thermal 22 
decomposition temperature (Td).  The benefit of the peak shift and narrowing was to create a 23 
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less ambiguous and consistently applied background NPBM determination over the same 1 
temperature range for the dW/dT distribution (nominally from 225 to 325°C).  The 2 
background biomass was estimated from a cubic polynomial that was constrained to be 3 
tangent to the peak shoulders (Figure 5). 4 
 5 
Figure 5. With reference to Figure 4, tangent background biomass curves attached to 6 
corresponding interpreted PHA thermal degradation peaks for the PHA-rich biomass and 7 
acidified PHA-rich biomass samples. 8 
 9 
In our experience, acidification down to pH 2 solubilizes organic material from the biomass 10 
to varying degrees from batch to batch, but of the order of 100 mgCOD per gram of biomass 11 
dry solids is removed.  Therefore, the acidification of the biomass prior to dewatering may be 12 
expected to increase biomass PHA content by around 5 % gPHA/gVS, assuming a biomass 13 
with 50 % gPHA/gVS to start with.  In the example of Figure 5, a PHA content of 37 and 14 
55 % gPHA/gVS after 8 hours of accumulation was determined using TGA, this being 15 
without and with acid pretreatment, respectively.  The estimate of 37 percent was low, 16 
especially since the IVS measurement suggested 47 % gPHA/gVS for the same biomass 17 
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source without acidification.  Uncertainty in the deconvolution of the background NPBM 1 
decomposition when the PHA had lower thermal stability was considered to be an 2 
uncontrolled potential source of method uncertainty and error.  Quantification of biomass 3 
PHA content using TGA could be undertaken reliably and systematically if the condition of 4 
thermal stability was high and approximately the same for all samples. The polymer peak 5 
becomes more narrowly defined when the polymer thermal stability in the biomass is high.  6 
Therefore, acidification prior to biomass sample dewatering and drying was applied as 7 
standard procedure in the continued thermogravimetric method development. 8 
In the literature for pure culture PHA determination, TGA was reported to systematically 9 
overestimate the polymer content [18].  However, it is unclear in this previous work if the 10 
maximum extractable polymer from the biomass was in fact determined.  In the present work, 11 
the validity of, and any bias in, TGA-based extractable polymer quantification for mixed 12 
culture biomass was evaluated by means of replicate polymer isothermal recovery 13 
experiments.  PHA was extracted over a range of extraction temperatures using 2-butanol 14 
from batches of activated sludge biomass representing a range of PHBV types and contents.  15 
Acetone and 2-butanol are similarly PHA-poor solvents and can both maintain PHA-rich 16 
solutions if the solvent is heated above its boiling pressure in a closed vessel. Most likely 17 
these solvents when heated become absorbed into the polymer matrix and plasticize the 18 
polymer, creating conditions whereby the polymer effectively melts at temperatures lower 19 
than the pure polymer Tm and into the solvent matrix.  As the temperature is lowered the 20 
polymers will form semi-crystalline gels [27].  21 
The TGA methods were systematically evaluated from replicate Isothermal Polymer 22 
Recovery experiments for each of 15 batches of PHA-rich biomass.  Extraction temperatures 23 
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between 70 and 140°C were applied using 45-minute isothermal incubations.  Based on the 1 
typical trend of the respective recovered fractions (f45) as shown in Figure 6, the extractable 2 
amount of polymer was estimated based on the sigmoidal asymptotic tendency. Figure 6 3 
shows two distinct granulated and sifted particle size distributions for the same biomass 4 
sample that were evaluated (< 0.71 mm Ø and 0.71 to 2mm Ø) initially. The TGA based 5 
determination of PHA content for the Figure 6 sample biomass was 0.56 gPHA/gTS.  From 6 
the method mass balance analysis and sigmoidal least squares regression analysis, the 7 
maximum amount of extractable polymer was determined to be 0.56 and 0.53 gPHA/gTS for 8 
the smaller and large particle size distributions, respectively. The kinetics of extraction were 9 
sensitive to the biomass particle size distribution. From the estimated values of f45 as a 10 
function of temperature (Eqn. 1) the assumed temperature dependent first order extraction 11 
rate constants ke were estimated (Eqn. 2).  Figure 6 shows the estimated ke values that suggest 12 
that the same type of PHA extracts more quickly from the same granulated biomass 13 
distinguished only by a smaller particle size distribution.  Mass transfer kinetics are a 14 
function of the solvent particle surface area and the length scales of polymer diffusion out of 15 
the biomass. The larger particle size distribution may also result in reduced amount of 16 
extractable polymer if there are zones for which solvent does not penetrate the biomass.   17 
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 1 
Figure 6. Trends (Eqn 1) for fraction recovered PHA using 45-minute isothermal incubations 2 
for the same PHA-rich biomass but with smaller and larger dried biomass particle size 3 
distribution.  Estimated corresponding first order extraction kinetic time constants are also 4 
shown (Eqn 2). 5 
 6 
Comparisons of extractability extent and kinetics, therefore, require consideration of the 7 
PHA-rich biomass raw material morphology.  For the subsequently reported PHA-rich 8 
biomass recovery evaluations, all samples were dewatered to nominally 20 % dry solids after 9 
mixed liquor acidification to pH 2, and the dewatered solids were dried at 70°C.  The dried 10 
cake was granulated, sifted, and the fraction containing a 0.71 to 2 mm diameter particle 11 
distribution was used for polymer isothermal recovery evaluations.  The fifteen batches of 12 
accumulated PHA-rich biomass spanned a range of amount (35 to 55 % gPHA/gVS) and type 13 
(0 to 44 weight average 3HV content in PHBV with Mw between 200 and 600 kDa) of PHA 14 
in the biomass.  For the 15 batches, the Td of the PHA in the biomass was 285 ± 1°C (n=15), 15 
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where 90 percent of the peak was from 268 ± 1 to 298 ± 1°C.  Thus, the TGA evaluations of 1 
the PHA in the biomass were for PHA-rich biomass where the PHA was with consistent and 2 
similarly high thermal stability.  The recovered PHA (140°C isothermal incubations) had a Td 3 
of 288 ± 1°C (n=15), and 90 percent of the peak was from 269 ± 1 to 301 ± 1°C.  Separation 4 
of the polymer from the biomass solids resulted in a slight increase of polymer thermal 5 
stability, as may be expected [17].   6 
Mass balances were performed, and these included the assessment of the purity of the dried 7 
whole extracted material that was decanted with the solvent.  Solvent from the decanted 8 
extracted material was evaporated and purity assessment was based on same TGA methods.  9 
Figure 7 shows trends in the dW/dT distribution for the PHA-rich biomass used in the 10 
example of Figure 6 and the recovered materials following 45-minute incubation at 100 and 11 
140°C respectively.  The PHA decomposition peak remains at a similar Td but the normalized 12 
distribution peak increases in amplitude due to increased purity of the product.  Generally, we 13 
found that the purity correlated directly to the relative extracted product mass (Figure 7).  14 
Therefore, product purity values were estimated from the linear regression of the data from 15 
each respective isothermal extraction series.  This extractable NPBM has been found to be 16 
rich in microbial lipids. 17 
       18 
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Figure 7.  The TGA of the extracted product (Left) as a function of isothermal extraction 1 
temperature for 45-minutes with increases in product PHA content.  Typical trend showing 2 
the influence of the extent of extraction on the TGA derived product purity for the same 3 
biomass (Right). 4 
 5 
The TGA estimation of PHA content correlated with the maximum extractable mass of 6 
polymer (Figure 8).  These data suggest that the anticipated practical extent of recovery 7 
begins to decrease as the biomass PHA content decreases.  For these PHA-rich biomass 8 
batches, the average difference between maximum extractable and TGA-estimated PHA 9 
content was ˗1 ± 2 % gPHA/gVS over a wide range of 3HV contents (0 to 40 % wt), and 10 
weight average molecular mass values (Mw from about 200 to 600 kDa).  TGA based 11 
estimations of mixed culture recoverable PHA content were thus interpreted to be valid at 12 
least for conditions where the PHA-in-biomass quality of thermal stability was consistent and 13 
high (Td ≈ 285 °C).  The methods were found to be valid within the evaluated context of a 14 
mixed culture biomass notwithstanding the undefined nature of the matrix and a wide range 15 
of polymer type and molecular mass values.  However, case to case verifications are 16 
nevertheless recommended because the outcomes for an undefined mixed culture matrix may 17 
not be necessarily universally applicable.  The influences of higher (> 1000 kDa) or (or lower, 18 
< 50 kDa) molecular weights, and 3HV contents beyond the eutectic point [30], on extraction 19 
and extractability with respect to analysis methods of TGA, IVS, and FTIR for mixed culture 20 
PHA-rich biomass, would be of interest to examine and validate further. 21 
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 1 
Figure 8.  Comparison of TGA estimated biomass PHA content versus the estimated 2 
maximum extractable polymer.  Labels show respective polymer mean 3HV % weight 3 
content and estimated weight average molecular mass Mw as (3HV, Mw). 4 
 5 
The purified polymers from these 15 biomass batches were recovered using the Benchmark 6 
Extraction method (see Materials and Methods) and the physical-chemical characteristics of 7 
the polymers were evaluated.  The Polymer Isothermal Recovery data revealed much about 8 
the type of polymer in the biomass.  The estimated median extraction temperature (T50 in Eqn. 9 
1) correlates directly with the polymer median melt temperature as assessed by DSC (Figure 10 
9).  The polymer median melt temperature in turn is correlated to the average co-polymer 11 
blend composition such that the Polymer Isothermal Recovery data may be related directly to 12 
the type of PHBV.  In all cases a single observed Tg for the recovered polymers suggests that 13 
the PHBV co-polymers in the blend were miscible according to the Fox equation [31].  14 
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          1 
Figure 9.  Correlation between the 45-minute median isothermal extraction temperature T50 2 
(Eqn 1) and the polymer median melt temperature or average 3HV content (Left) with Mw 3 
shown in kDa as labels.  Influence of 45-minute median isothermal extraction temperature or 4 
average 3HV content on the isothermal recovery constant (Eqn 1). 5 
 6 
The weight average molecular mass varied from batch to batch in these samples between 200 7 
and 600 kDa.  Notwithstanding, the polymer polydispersity (PDI) was estimated to be 1.7 ± 8 
0.1.  For chain elongation (step growth) polymerization with a low chain termination 9 
probability, the PDI is expected to approach 2 based on the Carothers equation.  Differences 10 
in the polymer molecular mass in this range were not found to influence the polymer 11 
isothermal solvent recoveries.  The isothermal recovery slope constant (kr in Eqn 1) increased 12 
most significantly with T50 values for co-polymer average 3HV content less than about 10 13 
percent (Figure 9).  T50 is coupled to the mean PHBV composition which in turn affects 14 
crystallinity (∆H) and glass transition temperature (Tg).  Thus, the polymers are a blend in 15 
distribution of both molecular mass and co-polymer contents.  The span of 3HV random co-16 
polymer distribution may also be expected to be related, at least to some extent, to the breadth 17 
of the DSC melt peak.  We have observed that the breadth of the melt peak similarly 18 
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increases significantly with the initial polymer melt temperature decreasing from about 1 
140 °C (3HV less than 5 wt.%) to an almost constant initial Tm of 40°C with 3HV greater 2 
than 10 weight percent. While T50 relates directly to the average 3HV co-polymer content (as 3 
reflected by median DSC melt temperature), kr was observed to coincide with changes in the 4 
observed melt temperature range.  Therefore, the polymer melt characteristics and co-5 
polymer distribution directly influence the kinetics of polymer extraction with these so-called 6 
PHA-poor solvents. 7 
It was considered that some of scatter for kr in Figure 9 may well have also been influenced 8 
by batch-to-batch variations in the granulated biomass morphology.  Even if a similar 9 
granulated biomass particle size range was used in all cases, variations in other 10 
morphological parameters such as particle density were, unfortunately, not monitored.  These 11 
factors may have been mitigated if a more finely powdered biomass was used, but decanting 12 
PHA-rich solvent from test tubes without carry-over is also more challenging with more 13 
finely sized suspended solids. 14 
PHA polymers accumulated by mixed microbial cultures typically comprise the two repeat 15 
units derived from 3-hydroxybutyrate (or 3HB) and 3-hydroxyvalerate (or 3HV). The 16 
intermediary pool of metabolites that provide the precursors to 3HB and 3HV and lead to 17 
accumulation of PHB, PHV, and/or PHBV intracellular polymer granules, are related to the 18 
type and timing of substrates that are fed to the biomass [30].  If the substrate mixture is 19 
supplied consistently during the accumulation process then the individual polymer chains are 20 
expected to be made with a deterministic amount of average polymer type [32] but not a 21 
systematic pattern of monomer type on any given polymer chain. Polymerization for each 22 
chain of PHBV in the individual bacteria involves a sequence of chain initiation, chain 23 
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elongation and chain termination events. If the probability of a “chain-termination-event” is 1 
kept as low as possible during an accumulation process, then the bacteria will tend to produce 2 
longer polymer chains (higher weight average molecular mass). If there is a mixed pool of 3 
available monomer precursors during chain elongation, and there is no preference to the 4 
precursor selection, then once each chain has been initiated the polymer will be elongated to 5 
become a random co-polymer of PHBV governed in average composition by the extant 6 
metabolic state of the accumulating bacteria [33].  The crude product from a mixed microbial 7 
culture PHA production process will then be a bacterial biomass containing polymers with 8 
distribution of both co-polymer content and molecular weight between individual polymer 9 
chains.  Batches of biomass coming from different sources and/or produced with different 10 
feedstocks will vary in nature.  Any polymer recovery process industrial installation must 11 
manage with these anticipated batch-to-batch variations by, for example, developing master 12 
batching strategies with mixtures of grades of materials.  13 
The average polymer content can be determined by sample digestion followed by gas 14 
chromatography [15], but this analysis does not provide information about the nature of the 15 
distributions (molecular weight or co-polymer content), and the amount of recoverable 16 
polymer that can be separated from the non-polymer biomass materials.  Our experience from 17 
related work in addition to results presented in Figures 8 and 9, is that the nature and amount 18 
of the polymer in the biomass influences the batch-to-batch optimal polymer recovery 19 
conditions [23, 27].  Both the amount and type of polymer can be readily derived from 20 
thermogravimetric analyses in combination with extraction and melt characterization by DSC.  21 
Polymer type can then be used to anticipate the extraction behavior, or conversely, as shown 22 
in the present work, isothermal polymer recovery trends can be used instead to infer the type 23 
of polymer present in the biomass. 24 
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CONCLUSIONS 1 
Thermogravimetric methods can be used to directly assess the amount of recoverable PHA 2 
from mixed culture biomass. Two different approaches were applied.  The first took 3 
advantage of the well-established temperature sensitivity of the polymer in the neighborhood 4 
and above the PHB melt temperature of 180°C. This method of intermediate volatile solids 5 
quantification required a reference sample from which to assess for a change in biomass 6 
polymer content.  The second method was based on TGA analysis wherein the volatile 7 
weight loss of the biomass was monitored as a function of temperature.  The reliability of the 8 
background non-polymer biomass material determination was interpreted to be improved if 9 
the polymer in the biomass was treated to have a high and reproducible thermal stability.  The 10 
TGA methods were found to closely represent the amount of extractable polymer (±2 % 11 
gPHA/gVS) and the trends of extraction were also found to be related to the averaged PHBV 12 
content for the co-polymer bend in the biomass.   13 
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